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thicknesses is of the order of a few tens of Angstroms. The formation of the conduction 
and valence bands is governed by the crystal lattice potential but quantisation of the energy 
levels within the conduction and valence band takes place as a result of the period of the 
superlattice potential, hence forming a series minibands within the conduction and valence 
bands. These miniband levels have successfully been described using the Kronig-Penny 
model^. 
According to the character of the discontinuity at the hetero-interface, the 
heterojunctions can be classed into the four different kinds shown in figure 1.1: Type I, 
Type Il-staggered, Type Il-misaligned and Type III. The band offsets are shown in the first 
column, the band bending and carrier confinement in the middle, and the corresponding 
superlattice structure on the right. The type I class applies to all the samples studied in this 
thesis. The band gap difference for the type I structure is given by AEg=AE,+AE^ where 
AE(. is the conduction band offset and AE^ is the valence band offset. For type II structures 
the energy gap is given by AE^=I AE^-AE^ I and the electrons and holes are confined 
separately in the different semiconductors. This structure applies to InAs/GaSb, 
(InAs)i.x(GaAs)x-(GaSb)i.y(GaAs)y^ and InP-Alo.4gIno 52AS®. 
The GaAs/AlAs wells we study in chapter 4 can form both type I and type II 
structures (see figure 1.2). The cause of this is that although GaAs is a direct gap 
semiconductor with lowest conduction band at the F-point, pure AlAs is an indirect band 
gap semiconductor with its lowest conduction band at the X-point. For GaAs thicknesses 
less than 35A the electrons are confined in the AlAs layer and the holes in the GaAs layer 
as at this point the n = 1 electron sub-band lies above the AlAs-X valley. In the case of the 
Ino uGao ggAs/GaAs wells studied in chapter 3 the first heavy-hole exciton transition is 
always type I but research has shown that the valence band configuration in these 
structures is dependent on the indium mole fraction. For indium compositions around 15% 
the valence band configuration is a mixed type with the first electron and heavy-hole levels 
confined within the lower band gap InGaAs (type I transition) but with the light-hole 
confined within the GaAs (type II transition). For lower indium compositions both systems 
may become type I. This has been observed specifically for an indium fraction of 0.05 by 
Mendendez et al'°. 
The type II structures can be split into two sub-classes: type II-"misaligned " and 
type II-"staggered" as shown in figure LIB and C respectively. The final class is type III 
shown in D. This is formed when one constituent is semimetallic. 
These band edge discontinuities at the hetero-interface govern the properties of 
quantum wells and superlattices and in turn, the relevant parameters for device design. 13 
There is an approximate four-fold increase in the energy of the 2D excitons and the 
absorption in the continuum states is increased by the presence of excitons. 
The bulk of the work in this thesis is on the excitonic fine structure and excitonic 
properties in differing semiconductor materials. Chapter 3 involves direct measurements 
of the excitonic Lande g-factor in type I GaAs/AlGaAs and InGaAs/GaAs quantum wells 
from the low field exchange splitting of the excitonic levels. Chapter 4 then measures the 
exchange interaction between the optically active and optically inactive levels of the 
excitonic structure in a number of type I structures and then chapter 5 studies the excitonic 
spin relaxation processes in modulation doped type I GaAs/AlGaAs wells. 
1.6 Doping 
In undoped MBE grown GaAs background carrier concentrations are normally as 
small as lO'^cm'^. One of the major developments in quantum devices came when Dingle 
et al'^ produced a modulation-doped GaAs/AlGaAs superlattice that exhibited extremely 
high electron mobilities. This was achieved by doping only the larger band gap AlGaAs 
with silicon (n-dopant) and modifying the aluminium fluxes in the MBE so that when the 
carriers diffused through the layers they eventually became trapped in the lower band gap 
GaAs semiconductor as shown in figure 1.8. This was a great achievement as the 
separation of carriers from their donor or acceptor impurities greatly increases the carrier 
mobility as impurity scattering is reduced and so the distance which the carriers could 
propagate without dephasing is greatly increased. 
The mechanism by which charge transfer takes place has been explained above but 
with this charge transfer so the band structure of the heterojunction/quantum wells are 
modified. The charge transfer achieves thermal equilibrium when there is continuity of the 
Fermi energy across the interfaces. This results principally from band bending but 
accumulation of carriers also causes band-gap renormalisation, a many-body effect which 
is evident as lowering of the conduction band and a raising of the valence band which 
results in a small reduction in the band gap. 
The introduction of a large population of one type of carrier results in electrostatic 
"screening" of the opposite type of photo-excited carrier and so reduces the binding energy 
of a 3D exciton. This screening plays a greatly reduced role in the modification of the 2D 
exciton characteristics for which instead "phase space filling" is the dominant factor. This 
phase space filling is due to the thermalisation of the dopant carriers to the lowest energy 30 
2.9 Data Acquisition 
The data gathering was performed by an IBM PC AT computer running Asyst 
1.56. This was linked to a Stanford Research RC400 two channel gated photon counter and 
a Microlink multiplexing frame by an lEEE/GPIB board (see figure 2.8). Near total 
automation of the experiment was achieved through a programmable stepper motor 
controller card driven by analogue signals sent from the Microlink frame. This drove both 
the dye laser and Ti: Sapphire stepper motor drivers and also the spectrometer stepper 
motor. These could be driven at a variety of step sizes but also had the added advantage 
that the mechanical backlash was consistently removed. 
The magnetic field was also driven by the computer from the digital to analogue 
converter in the photon counter. The rate at which the field was changed was set 
independently by a sweep rate control in the magnet power supply. Once a field strength 
was reached the field could be monitored via the voltage signal from a shunt resistor 
within the magnet power supply that was converted into a digital read-out by one of the 
Microlink analogue to digital converters. The calculated current-field calibration of the 
solenoid was assumed. The laser power was similarly monitored using an A-D microlink 
input. For each setting these digital signals were monitored for approximately a quarter 
of a second at llOHz and the values then averaged. 
The process for data acquisition was as follows: Pulses from the photomultiplier 
tube were amplified by an SR440 preamplifier. The output from this passed in alternating 
half cycles of the PEM to the photon counter which incorporated pulse height 
discriminators. The maximum count rate that could be recorded by the system without 
significant distortion due to pulse overlap was approx. 200,000s"'. Count rates of several 
million could be tolerated by the system without damage to the photomultiplier tube. 
The number of counts recorder by the photon counter in alternate half cycles were 
automatically stored along with the integrated power from the laser on disc at the end of 
a run. This enabled easy data analysis and also increased significantly the volume of data 
that could be handled. Together with automatically storing the data on disk after a scan, 
the Asyst package converted the incoming data to polarisation values, normalised the data 
with respect to the laser power and displayed graphs showing the laser power and counts 
recorded in each channel of the photon counter in their raw state. Once the starting 
conditions of the experimental apparatus were relayed to the computer, total automation 
of the experimental apparatus was possible along with the ability to take entirely automated 
repetitive scans with the only manual intervention required when optical alignment is 42 
3.4.1 Procedure 
Preliminary work by MJ.Snelling', showed the best method for detecting the 
Zeeman splitting was from photoluminescence spectra rather from photoluminescence 
excitation spectra. In the latter case it is only possible to use data from splittings on the 
high energy side of the heavy-hole absorption peak because of the proximity of the 
luminescence detection energy to the absorption. The experimental set up described in 
chapter 2, diag.2.1 was slightly modified to that shown in figure 3.2. 
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Figure 3.2 The modification to the experimental arrangement of chapter 2 
The samples were the GaAs/AlGaAs G samples and the InGaAs/GaAs DB samples 
described previously (section 2.10.1). 
The PL measurements were made using the Spectra Physics Ar^ ion laser pumping 
either the Oxford University Coherent CR599 dye laser copy or the Spectra Physics 3900S 
Ti: Sapphire laser. The excitation energy was set well above the electron-hole continuum 
edge and the beam was linear rather than circular polarised before hitting the sample. This 
ensured excitation of equal proportions of spin-up and spin-down electron-hole pairs and 
subsequent thermalisation would result in near equal populations in each of the four n = 1 
excitonic states. The recombination from the Zeeman split levels was and a circularly 
polarised which then could be detected separately by the combination of PEM and linear 
polariser. The raw experimental data thus consisted of simultaneously recorded and a 
emission lines at various values of applied field, parallel to the growth axis, up to 8T. 
As the field was increased the components generally showed a progressive splitting, 
much less than their width an example of a large splitting is shown in figure 3.3. In 
addition each showed an increase in luminescence energy with magnetic field due to the 
rising energy of the ground state Landau levels. At high fields the intensities of the 43 
luminescence components became unequal as a result of the different thermal populations 
of the Zeeman levels. 
3.4.2 Analysis 
The following method developed by M.J.Snelling' was adopted for extracting the 
Zeeman splitting from the raw luminescence spectra. It is a technique which effectively 
gives the difference of the first moments of the two components. First the components 
were normalised to the same peak height - an example of which is shown in figure 3.3. 
Secondly various high order polynomials, between order 7 and 13, were fitted by the 
method of least squares to one component of the PI to determine that order which fitted 
best 10 the spectrum without introducing any spurious structure. The same order 
polynomial was then fitted to the data points of both components at once, with a series of 
different relative displacements between the two components. The mean square error of 
this was found to pass through a minimum as a function of displacement and the 
corresponding value of displacement was taken to be the Zeeman splitting (figure 3.4). 
The reliability of the results was dependent on two main factors one statistical the 
other systematic. Firstly the statistical error, which included the accuracy associated with 
the best fit of the chosen polynomial, and ultimately tended to the statistical uncertainty 
in the first moment associated with a particular measurement: PA/N where N is the total 
photon count in one component and F is the HWHM. This statistical error is indicated in 
the example of figure 3.4. Secondly, and most importantly, systematic error arose because 
the luminescence line shape varied with excitation energy and position on the wafer. This 
was assumed to be due to well width fluctuations and was especially prominent in the 
InGaAs/GaAs samples which showed quite significant changes from run to run. This 
resulted in a smooth variation of the Zeeman splitting for a given run but with variations 
of the order ±0.005 to +0.01meV from run to run in the case of the GaAs/AlGaAs 
samples and from +0.01meV to + 0.025meV for the InGaAs/GaAs QWs. Figures 3.5 and 
3.6 give examples. 
The statistical errors were reduced as far as possible by increasing the counting 
time, sometimes to as long as 100 seconds per point. The systematic errors were also 
reduced by taking several runs, the Zeeman splitting was then taken as the average. 
DB918, the InGaAs/GaAs QW containing three individual wells only showed 
luminescence from the 30A well. 54 
3.5.4 Analysis of the InGaAs^GaAs measurements: 
To our knowledge, no published measurements exist of the electronic g-factor in 
SLS structures. Hendorfer and Schneider® have presented a theory of the effective g-factor 
of conduction electrons in such layers, which is an improvement over the simple k.p 
perturbation theory developed by Wallis" and re-examined by Hermann and Weisbuch^®. 
In particular Hendorfer and Schneider^ point out that the strain can introduce a pronounced 
anisotropy of g," which is not described by k.p theory. For comparison we calculate g/ 
using both approaches but shall regard values calculated using the equations in Ref.6 as 
the more reliable. 
It is generally understood that in k.p perturbation theory a simple 3-band 
approximation is sufficient for calculation of g-factors because of the cancellations in 
higher order terms^. We therefore use as a first approximation ignoring strain, the 3-band 
formulae of reference 5 with a modification that we use the measured value of band edge 
effective electronic g-factor (geo*), rather than the band edge effective mass (m^o'), to fix 
the other parameters. The solution of 3.13 and 3.14 gives the relationship of g/ to the 
energy above the conduction band edge, E. 
8/ = g.o- - 3.13 
and 
E. 
E = ]; 3^4 
E. 
The constants Kj and K; are given by; 
with 
K. = (l-x)iLjf(2+2x+x2) 3.15 
' (2+xy^ 2 
—(1-y^ 3.16 
1+6 
3.17 y = 
55 
1-x 
g»' 3-18 
(l-x)+(2+x)(l-f^) 
where Ao is the valence band spin orbit splitting of 0.354eV, Eg = 1.367eV is the 
band gap energy, as shown in figure 3.14, go'=-0.8 is the measured Lande g-factor^® and 
meo7me=0.061 that of the effective mass ratio for bulk InGaAs^®. These give the values 
K;=0.09039 and K2=-0.8498 and together with the electron confinement energies, E, we 
have measured for the Iuq uGao.ggAs/GaAs samples from PLE spectra, we obtain the values 
of g' listed in table 1 (see page 58). The effect of barrier penetration on the effective 
electronic g-factor have been estimated using a 5 band k.p perturbation theory-^ for the 
values of g," in the GaAs barriers. This calculation was previously performed in 
GaAs/AlGaAs^'" and was shown to be small, and despite the enhancement which might 
have been expected due to lower barriers, the contribution in InGaAs/GaAs is also small. 
Our second calculation including the effects of strain follows Hendorfer and 
Schneider's theory^. Assuming homogeneous strain in the epitaxial layer, the strain 
Hamiltonian, as developed by Bir and Pikus-\ was used to evaluate the influence of strain 
on the Fg conduction band and the and Fg valence bands at k=0. 
H = - 3b(a„ - £„)(L/ - 3.19 
where a, and b are the deformation potentials of the valence bands for the hydrostatic 
component of the strain and the tetragonal distortion component along <001 > 
respectively. 
ejj are the strain tensor components defined as 
= g = Kwk - V 3 20 a 
3,20 b 
^11 
e, = 0 3.20 c 
^buik) a^pi are the lattice constants of the bulk material and the epitaxial layer and Q the 
elastic stiffness constant which takes values Cy = Cj, for i-j and C,? for ipfj. 
Diagonalization of H, yields three states, as expected: the doubly degenerate heavy-
hole, light-hole and split off bands, represented by |V2,±%>, |%,±'A> and |V2,±V2> 65 
electron-hole exchange interaction consists of both short and long-range exchange parts. 
The fine structure of the exciton in bulk GaAs has been extensively researched^This 
chapter concerns the fine structure of the heavy-hole exciton in GaAs heterostructures 
associated with the short range analytical part of the exchange. The long range 
nonanalytical part gives rise to a splitting AElx between longitudinal and transverse light-
hole excitons for &=0. 
The exchange interaction in QWs can be expressed in terms of the coordinates of 
electron and hole f, and by the operator 
H„. = QEa(f,-y 4.1 
where 0 is the volume of the primitive unit cell, E is an 8x8 matrix in the basis of the 
heavy-hole exciton state and Dirac's delta function represents a short range repulsion 
between electrons and holes. It is obvious from equation 4.1 that we can expect an 
increase in the exchange interaction in the type I systems over that measured in the type 
II system due to the spatial separation of the electron and hole. We would also expect an 
enhancement in the type I system compared to that measured in bulk materials. 
To date, there is good experimental data on the exchange interaction in both bulk 
GaAs'"^ and type II GaAs/AlAs quantum wells^'°, the data in the latter case agreeing with 
theoretical predictions". Optically detected magnetic resonance (ODMR) and Quantum beat 
emission (QB) have been the main experimental methods employed to study the fine 
structure but due to the short lifetime of the type I exciton, ODMR cannot be used 
successfully to study spin resonances in the type I quantum wells. As chapter 3 outlined, 
in an applied magnetic field, level crossing (or anticrossing) effects can be present in the 
circular polarisation of the photoluminescence at 1.8K. This enables the exchange energy 
of the exciton to be obtained if the magnetic g-factors are known. 
One reason for the interest in the exchange interaction of excitons in quantum 
confined structures is its influence on spin-lattice relaxation. This chapter will show that 
the enhancement of the exchange interaction in a quantum confined exciton is a sensitive 
function of quantum confinement and later, in chapter 5, we will show that the spin-lattice 
relaxation of isolated electrons and holes is also a sensitive function of quantum 
confinement. Depending on the carrier confinement, the exchange interaction can fall into 
the strong exchange regime or the weak exchange regime. D'yakonov and PereP^-
suggested that the spin relaxation time of the carriers is governed by which regime the 
exchange interaction complies with. 71 
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Figure 4.6 The low field magneto-polarisation peak of G51 the 73.4A GaAs/AlGaAs 
sample. Once more, the arrows indicate the peak positions. 
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Figure 4.7 The high field peak of G51 together with the low order polynomial fit to the 
background polarisation in this case (small squares) and the resolved peak in the 
polarisation. 73 
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Figure 4.10 The low field peak of G171 the 65. lA GaAs/AlAs sample. 
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Figure 4.11 The high field peak of G171. The arrows indicate roughly the position of the 
peaks. 102 
the light and heavy hole bands. In bulk GaAs the light and heavy hole bands are 
degenerate giving almost instantaneous spin relaxation (4ps)^°, but in a quantum well, the 
bands are decoupled at ^=0 giving long relaxation times. Away from ^=0 there is an 
increasing admixture of the valence bands and the spin relaxation is much more rapid. 
Bastard et al" have carried out numerical calculations of the wavevector dependence, 
confirming the work of Sham et al®. The significance of this in the case of the exciton is 
that the particle wavefunctions is made up of a superposition of plane-wave states spanning 
a range of wavevectors »l/2ao where a^ is the exciton radius. In wells narrower than 
200A this range is roughly equivalent to l/L, where is the well width. The spin 
relaxation time of the hole within an exciton is therefore expected to be much shorter than 
for a free hole. 
The well width dependence of the excitonic spin-lattice relaxation time was studied 
by co-workers'"^ from a combination of polarisation measurements across the luminescence 
line and time resolved luminescence decay time measurements'^. The variation in the spin-
lattice relaxation time across the luminescence line was also calculated. The results showed 
the relaxation time was a minimum around the high energy half intensity point of the PL 
and increased to both the low and high energy side of this. An average of the spin 
relaxation time in the extended states (between the PL peak and the high energy half 
intensity point) for each well width studied showed a linear increase in spin relaxation time 
with well width. Under the qualitative model of exciton relaxation dominated by hole 
relaxation in a strong exchange regime, this behaviour must represent the net effect of 
variations of hole confinement and wavevector dependence with well width on the hole 
spin relaxation. 
In this chapter we describe similar measurements for free holes in a degenerate 
electron Fermi sea for a three well widths. The variation of relaxation time with energy 
and well width is very different from the excitonic case and gives a direct measure of the 
wavevector dependence of the hole spin relaxation time. 
6.3 Experiment 
The aim of the experiment was to excite at the heavy-hole absorption peak with 
circularly polarised light (a+) and measure the depolarisation of the luminescence across 
the PL linewidth. From the trend of the polarisation we could extrapolate energetically 
back to the excitation energy and obtain the polarisation at the instant of excitation. It was 
crucial though, to ensure that only pure luminescent polarisation was measured and this 104 
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Figure 6.1 Experimental set-up for the spin-polarised luminescence measurements. 
recording spectra consisting only of the elastically scattered laser light obtained for 
excitation with the laser tuned into the band gap. The polarisation spectra could then be 
corrected for this background laser light using the average value of polarisation from these 
spectra. 
The lifetime measurements were made by Dr.P.Dawson at UMIST using a mode-
locked argon laser for excitation and correlated photon counting detection'^. These 
measurements were made at a number of energies across the luminescence linewidth and 
are shown in figures 6.2b, 6.3b and 6.4b. 
6.3.2 Results 
The solid lines in figures 6.2a, 6.3a and 6.4a are the PL spectra for the three NU 
GaAs/AlGaAs samples. The solid squares are the values of polarisation measured below 
the excitation energy. The large peak in the luminescence to the high energy side is the 
elastically scattered laser light at this excitation energy. We can see that the polarisation 
is virtually constant well below the excitation energy in all three cases but rises sharply 
in the laser wings. This increase is especially noticeable in the case of NU211 which 
exhibits a very large and sudden increase in polarisation despite a small and nearly 106 
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Figure 6.3a Luminescence and measured luminescence polarisation for NU535, the 68A 
well. 
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Figure 6.3b Recombination time and calculated spin-lattice relaxation time for NU535. 